Normal field stars located behind dense clouds are a valuable resource in interstellar astrophysics, as they provide continua in which to study phenomena such as gas-phase and solid-state absorption features, interstellar extinction and polarization. This paper reports the results of a search for highly reddened stars behind the Taurus Dark Cloud complex. We use the Two Micron All Sky Survey (2MASS) Point Source Catalog to survey a ∼ 50 deg 2 area of the cloud to a limiting magnitude of K s = 10.0. Photometry in the 1.2-2.2 µm passbands from 2MASS is combined with photometry at longer infrared wavelengths (3.6-12 µm) from the Spitzer Space Telescope and the Infrared Astronomical Satellite to provide effective discrimination between reddened field stars and young stellar objects (YSOs) embedded in the cloud. Our final catalog contains 248 confirmed or probable background field stars, together with estimates of their total visual extinctions, which span the range 2 < A V < 29 mag. We also identify the 2MASS source J04292083+2742074 (IRAS 04262+2735) as a previously unrecognized candidate YSO, based on the presence of infrared emission greatly in excess of that predicted for a normal reddened photosphere at wavelengths > 5 µm.
Introduction
Observations of many interstellar phenomena rely on the presence of background field stars, i.e. stars lying beyond the region of interest that provide sources of continuum radiation. Examples include absorption-line spectroscopy of ionic, atomic and molecular gas, spectroscopy of solid-state absorption features in dust grains, and the continuum effects of interstellar extinction and polarization introduced by dust, at wavelengths extending from the far ultraviolet to the mid-infrared. Observations at ultraviolet and visible wavelengths are generally limited to lines of sight with low to moderate extinction and therefore sample mostly diffuse phases of the interstellar medium (ISM). Observations in the near to midinfrared allow studies of these absorptive phenomena to be extended to dense molecular clouds, where they provide information complementary to that obtained at much longer wavelengths were cool dust and gas can be observed in emission in their own right.
Observing absorption features in discrete lines of sight toward background stars places an obvious limitation on spatial resolution. Consider, for example, the distribution of molecular gas in cold, dense clouds, and the depletion of molecules onto the surfaces of dust grains to form icy mantles. Radio astronomers can readily map the distribution of molecular gas by observing its intensity in a chosen spectral emission line (most commonly of CO) at a spatial resolution limited only by the beam of the telescope (see Mizuno et al. 1995 for an example relevant to the current work). However, to map the corresponding distribution of molecular solids one must study an infrared absorption feature, such as the 3.0 µm feature of solid H 2 O, against a continuum provided by a background star. The first attempt to map the ice distribution by this method, that of Murakawa et al. (2000) , was limited to detections of the 3.0 µm feature in some 25 lines of sight in the Heiles Cloud 2 region of Taurus. At mid-infrared wavelengths, it is possible to study interstellar absorptions against extended background emission, as described by Sonnentrucker et al. (2008) for the 15 µm feature of CO 2 ; but this opportunity arises only in a limited number of cases, where cold material is located fortuitously in front of warmer material heated to appropriate temperatures by nearby luminous stars. In regions of low-mass star formation a point-like stellar continuum source is generally the only option. Interstellar absorption features are observed routinely in the spectra of young stellar objects (YSOs) embedded in the clouds (e.g. Boogert et al. 2004 ), but in these lines of sight ambiguity often exists between interstellar matter and material local to the source that may be modified by its presence. Only background stars provide the means of studying absorptions arising in quiescent regions of the dense ISM, remote from sources of radiation.
A primary motivation for infrared surveys of dark clouds is to conduct a census of star formation, in which YSOs are carefully distinguished from field stars. The Taurus dark-cloud complex is a key region in studies of low-mass star formation (e.g. Luhman et al. 2006; Güdel et al. 2007; Padgett et al. 2007) , and also a valuable laboratory for studying interstellar molecules and dust (e.g. Pratap et al. 1997; Dickens et al. 2001; Whittet et al. 2001) . It is nearby (∼ 140 pc; Kenyon et al. 1994; Loinard et al. 2005 ) and situated at moderate Galactic latitude (b ∼ 15
• ), circumstances that aid both types of study: there is relatively little risk of confusion between stellar associations at different distances along the line of sight, compared with a region in the Galactic disk, and almost all of the interstellar extinction and absorption in the direction of the cloud arises in the cloud itself. The first infrared survey of the Taurus region to include a significant number of reddened background stars was that of Elias (1978) , who identified about a dozen such objects that have since been observed intensively for interstellar absorption features (e.g. Whittet et al. 2007 and references therein).
In recent years, the task of identifying reddened field stars has been greatly facilitated by the availability of data from the Two-Micron All-Sky Survey (2MASS; Skrutskie et al. 2006) and from surveys at longer infrared wavelengths made with the Spitzer Space Telescope (e.g. Luhman et al. 2006) . The goal of this paper is to use these resources to construct a much larger catalog of field stars reddened by dust in the Taurus dark-cloud complex than has previously been available.
Photometric data and associations

2MASS
The survey area selected for this work, shown in Fig. 1 , is based on the 13 CO (J=1-0) map of the Taurus cloud complex reported by Mizuno et al. (1995, their Fig. 3 ). Nearinfrared photometric data in the 1.25 µm (J), 1.65 µm (H) and 2.17 µm (K s ) passbands were compiled for stars within this survey area from the 2MASS survey 1 . A limiting magnitude of K s = 10.0 was adopted: this constraint ensures that only stars with highest-quality photometry are selected, and has the additional benefit of excluding background red dwarfs, thus avoiding a possible source of ambiguity in the intrinsic colors (see §4). Further quality control was provided by the various flags included in the 2MASS catalog. Only observations with read flag (rd flg) values of 1, 2 or 3 were selected as being high quality detections with reliable astrometry and photometry. Other flags that deal specifically with the quality of the data are the photometric quality flag (ph qual) and the contamination and confusion flag (cc flg). We selected only data with a ph qual value of "A" in each passband, signifying the best quality photometric data one can obtain with 2MASS. The cc flag indicates whether the photometry and/or positional measurement of a source may be contaminated or biased due to the proximity to an image artifact or a nearby source of equal or greater brightness: we chose only objects with cc flg = 0, indicating sources unaffected by known artifacts or confusion. Photometric errors in the resulting data are ±0.03 mag or less in each passband.
The following color constraints were used to discriminate against unreddened stars and stars with anomalous colors in the 2MASS database:
The multiplicative constant 1.75 in eqs. 1 and 2 is based on the observed reddening law (see §3): these equations define the range of colors over which normal stars may be dereddened onto intrinsic color lines (Itoh et al. 1996) , as illustrated in Fig. 2a . Discrimination against normal stars with little or no reddening is provided by Eq. 3, which effectively excludes those with visual extinctions A V < 3 mag. This extinction limit corresponds approximately to the threshold extinction for detection of ices in the region (Whittet et al. 2001 and references therein).
Application of the above criteria resulted in selection of 293 sources. Stellar associations were sought in the SIMBAD database, and it was found that the sample included a substantial number of sources associated with previously known YSOs. As an additional check on the status of each target, our list was collated with comprehensive catalogs of YSOs in the Taurus region recently compiled from infrared and X-ray observations (Luhman et al. 2006; Güdel et al. 2007; Scelsi et al. 2007) . A total of 40 known or probable YSOs and 4 variable stars of other types were excluded, reducing the sample to 249 sources. This final catalog is presented in Table 1 , and the distribution of the sources on the sky is shown in Fig. 1 . 2MASS identifications and photometry are listed in Table 1 , together with IRAS associations, stellar associations and spectral types, as available from the literature, and addition infrared data described below.
IRAC
Images from the Infrared Array Camera (IRAC; Fazio et al. 2004 ) on board the Spitzer Space Telescope provide photometry in four passbands centered at 3.6, 4.5, 5.8 and 8.0 µm.
The star-formation survey reported by Luhman et al. (2006) is based on a photometric catalog containing some 450,000 sources in the Taurus region (the Taurus IRAC Point Source Archive), of which photometry for only ∼ 160 confirmed YSOs has been published to date. The IRAC data were processed by the Wisconsin IRAC Pipeline developed for the GLIMPSE Galactic Plane Survey and the SAGE Large Magellanic Cloud Survey (see Luhman et al. 2006 for further details). The entire catalog was kindly made available to us by Barbara Whitney and Marilyn Meade, and is used here in combination with the 2MASS data to provide an additional constraint on the nature of our sample of candidate field stars ( §3).
The IRAC Point Source Archive was supplied in ascii format and a custom web-based interface was constructed to facilitate access. Collation with our field star catalog yielded associations for 186 out of 249 objects: the area of sky covered by the IRAC observations ( Fig. 1 in Luhman et al. 2006 ) is somewhat smaller than our survey area, thus some of our 2MASS candidates lack IRAC coverage. All available photometry is included in Table 1 . A few of the brightest sources are saturated at 3.6 and 4.5 µm. Photometric errors are typically ±0.05 mag or less in each passband.
Color-color diagrams
The J − H vs. H − K color-color diagram provides useful but imperfect discrimination between dust-embedded stars and stars with normal photospheres subject to reddening (see Itoh et al. 1996 and Gutermuth et al. 2004 for discussion and examples). J −H is most sensitive to the photospheric temperature of the star, whereas H − K is also sensitive to emission from a circumstellar shell or disk -provided the circumstellar material is sufficiently warm. A more stringent discriminant that recognizes the presence of cooler circumstellar matter is possible in cases where additional photometry at longer wavelengths is available: we follow Gutermuth et al. (2004) Diagonal lines in Figs. 2 and 3 are parallel to the expected displacement caused by interstellar reddening, and delimit the approximate area occupied by normal stars: stars in this zone may be dereddened onto intrinsic color lines. In the case of J − H, H − K s , these lines (eqs. 1 and 2) have slope set to the reddening ratio E J−H /E H−K = 1.75 determined from observations of Taurus field stars (Whittet et al. 2007 ); the corresponding lines in J − H, H − [4.5] assume the standard average interstellar extinction law (Whittet 2003) to Bessell & Brett (1988) with transformations from Carpenter (2001) . Intrinsic H − [4.5] colors are based on an interpolation between ground-based H − L and H − M, colors and should be treated as no more than a rough guide to the loci of normal unreddened stars.
All of our candidate field stars fall within the "normal reddened photospheres" zone of the J −H, H −K s diagram (Fig. 2a) by definition, as this was included in the selection criteria ( §2.1). Fig. 2b shows that all with IRAC data available also lie within the corresponding zone of the J − H, H − [4.5] plot. This is in contrast to the distribution of YSOs (Fig. 3) , many of which show a displacement toward the right, especially in H − [4.5], characteristic of circumstellar excess emission affecting the longer-wavelength color index. We consider the distribution of our field-star candidates in Fig. 2b to be strong evidence that the large majority are, indeed, normal reddened field stars. Perusal of the data in Table 1 indicates that this conclusion is independent of our choice of Table 1 and associated footnotes). Photometric values were calculated from 12 µm fluxes taken from the IRAS Point Source Catalog, as available (19 sources), using the method described in the IRAS Explanatory Supplement (1988) . Fluxes at 12 µm for seven additional stars were estimated from published spectra obtained with the Infrared Spectrometer (IRS) of the Spitzer Space Telescope (Whittet et al. 2007) . YSOs catalogued by Luhman et al. (2006) that have IRAS associations are also included in Fig. 4 for comparison. The zones occupied by YSOs and by reddened field stars are particularly well separated in this diagram, confirming the field-star status of all but one of the 26 candidates in the subset. A clear anomaly is identified in the case of J04292083+2742074 (IRAS 04262+2735), however: it plots with the field stars in Fig. 2 and with the YSOs in Fig. 4 . Further discussion of this object is deferred to §5.
The level of certainty with which field-star status is assigned to each object in Table 1 naturally varies according to the information available. A total of 188 stars have photometry in IRAC and/or 12 µm passbands consistent with an absence of circumstellar dust. Considering infrared data alone, this set might be confused with evolved (class III) YSOs that have completed dispersal of their dusty envelopes; however, such stars are typically strong X-ray sources and these have been excluded from our catalog ( §2). Least securely characterized are 56 stars that lack spectral classifications and have photometry only in the 2MASS passbands.
Extinction
The visual extinction (A V ) was estimated for each star in Table 1 from 2MASS photometry. A V is related to the infrared color excess E J−K by the relation
where r is a factor that depends on the form of the extinction curve over the relevant wavelengths: a mean value r = 5.3 ± 0.3 was determined by Whittet et al. (2001) for the Taurus cloud (for comparison, r ≈ 6.0 in the diffuse ISM). For stars with known spectral classifications, E J−K is determined routinely from observed and intrinsic colors to yield A V . For stars lacking spectral classifications, (Fig. 2a) by extrapolation along the appropriate reddening vector onto intrinsic color lines. This generally provides unambiguous results, notwithstanding the separation of giant and dwarf intrinsic colors at late spectral types (Fig. 2a) . Background stars bright enough to be included in our sample are expected to be predominantly either late-type (K, M) giants, which deredden onto the upper branch, or main-sequence stars earlier than K0; red dwarfs distant enough to be background to the cloud are predicted to be too dim at 2.2 µm to be selected 3 . Note that our method for evaluating A V improves upon a "one fits all" intrinsic J − K color adopted for background stars lacking spectral classifications in some previous literature (Tamura et al. 1987; Goodman et al. 1992) . Several Taurus YSOs also have near infrared colors consistent with normal reddened photospheres (compare Figs. 2a and 3a): extinction estimates have been obtained for the 10 most reddened (those with J − H > 2.5), and results are listed in Table 2 . Our A V estimates for both field stars and YSOs are thought to be accurate to ±0.5 mag or better.
A histogram of A V values from Table 1 is plotted in Fig. 5 . The sample of 249 stars is divided into one-magnitude bins (black columns). Also shown is the effect of adding 81 optically-selected reddened stars (A V > 0.5) in Taurus from the extinction studies of Straizys & Meistas (1980) and Whittet et al. (2001) , which cover a similar area of sky. The minimum occurring in the A V = 2-3 mag bin is probably not real but a result of incomplete sampling: our color criteria for infrared-selected sources ( §2) introduced a sharp cutoff for A V < 3, and the optically-selected sample is expected to become increasingly incomplete for A V > 2. Overall, the distribution shows a broad peak centered near A V = 3.5, with a tail extending to A V ∼ 10, and sporadic higher values (19 field stars with A V > 10).
The distribution on the sky of stars from Tables 1 and 2 is shown in Fig. 1 , with extinction distinguished by plotting symbol in three groups: low (2 < A V < 5), intermediate (5 < A V < 10) and high (A V > 10). As expected, lines of sight with high extinction generally cluster toward known condensations such as L1495, B18 and TMC-1. Lines of sight with low and intermediate extinction lie predominantly toward the outer boundaries of condensations, but some are more widely distributed. See Cambrésy (1999) and Padoan et al. (2002) for more detailed maps of extinction in the Taurus region based on optical star counts and statistical analysis of 2MASS data, respectively.
J04292083+2742074: A candidate YSO
The 2MASS source J04292083+2742074 is identified as a possible YSO from its anomalous position in the J − H vs. (Fig. 4) , based on an association with IRAS point source 04262+2735. Perusal of the 2MASS database shows no other 2.2 µm source within the error ellipse of the IRAS position of sufficient brightness to cause confusion, thus the association appears to be secure. To elucidate the nature of this object, its spectral energy distribution (SED) was constructed from all available photometry (2MASS, IRAC, IRAS) and plotted in Fig. 6 . The SED of the prototypical reddened field star Elias 16 is also shown for comparison. A fit to each SED was calculated assuming model atmospheres from Kurucz (1992) with extinction from the Cardelli, Clayton & Mathis (1989) R V -dependent empirical law (R V = A V /E B−V is the ratio of total to selective visual extinction). For Elias 16, we assume Kurucz model t4500g20p00 (appropriate to a K giant with T eff = 4500 K) reddened to A V = 24 mag with the R V = 4.0 extinction law. For IRAS 04262+2735, the same effective temperature was assumed and SEDs were calculated for both giant and dwarf spectra (Kurucz models t4500g20p00 and t4500g50p00, respectively). In practice is was found that the two models gave closely similar results: only that based on the dwarf intrinsic spectrum is shown in Fig. 6 , reddened to A V = 5 mag with the R V = 4.0 extinction law.
Our calculated spectrum for Elias 16 provides a reasonable match to the observed SED over the entire 1-30 µm spectral range, allowing for the presence of 8-12 µm silicate absorption (Bowey et al. 1998 ) not accounted for in the model. In contrast, the observed SED for IRAS 04262+2735 diverges systematically from the model for wavelengths λ > 5 µm, indicating the presence of strong infrared excess relative to the expected flux from the reddened photosphere in the Rayleigh-Jeans limit. The spectral form of the excess is broadly consistent with emission from dust at temperature T dust ≈ 350 K, as illustrated in Fig. 6 . The most probable explanation is that IRAS 04262+2735 is, indeed, a previously unrecognized YSO with a warm circumstellar envelope.
Conclusions
The main product of this work is the catalog presented in Table 1 , which includes 248 confirmed or probable background field stars (and one probable new YSO). This catalog should prove to be a valuable resource for future observing programs. For example, virtually all the included sources are expected to show 3 µm H 2 O-ice absorption, based on the previously-known A V > 3 threshold in the correlation of ice optical depth with extinction (Whittet et al. 1988 (Whittet et al. , 2001 . The distribution of ice may thus be mapped in more detail than was possible in the previous study of Murakawa et al. (2000) . The 3 µm feature also has potential for mapping magnetic fields within the clouds, by virtue of excess polarization observed at this wavelength when ice-mantled grains are aligned (Hough et al. 1988 ). This method is potentially more reliable than studies utilizing continuum polarization, as the ice feature is an unambiguous tracer of dense material in the line of sight (Whittet et al. 2008 ).
This research has made use of the NASA/IPAC Infrared Science Archive, which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration (NASA). The Two Micron All Sky Survey is a joint project of the University of Massachusetts and the Infrared Processing and Analysis Center, funded by NASA and the National Science Foundation. The Taurus IRAC Point Source Archive utilizes IRAC data processed from the Taurus Spitzer Legacy Survey (PID 3584, PI Deborah Padgett). We are grateful to Barbara Whitney and Marilyn Meade for making the unpublished IRAC data available to us. Extensive use was also made of the SIMBAD database, operated at CDS, Strasbourg, France. Financial support for this research was provided by NASA (grant NAG5-12750 and JPL/Caltech Support Agreement no. 1264149). (Table 1) and previously known YSOs (Luhman et al. 2006) , respectively. All 12 µm data for YSOs are taken from the IRAS Point Source Catalog. As before, the dotted diagonal lines indicate the approximate upper and lower boundaries of the expected distribution for normal reddened stars. The datum for the anomalous object IRAS 04262+2735 (J04292083+2742074) is arrowed. Table 1 divided into 1-magnitude bins (black columns). Also shown (shaded) is the effect of adding extinction data for 81 opticallyselected reddened stars from the literature (Straizys & Meistas 1980; Whittet et al. 2001) to our data. The total height of each column in the region of overlap (2-6 mag) sums the contributions of optical and infrared samples. (1978) is included for the latter object as three of the four IRAC bands are saturated. Photometric errors are comparable with the size of the plotting symbols. A color correction appropriate to a 4500 K blackbody has been applied to the IRAS data for each source. Flux data for Elias 16 have been divided by a factor of 50 for display. Models (curves) were constructed assuming each star to have an intrinsic spectrum with T eff = 4500 K (Kurucz 1992) subject to extinction A V = 5 mag (IRAS 04262+2735) and A V = 24 mag (Elias 16 ). The dashed curve shows the effect of adding thermal emission from warm dust (T dust = 350 K) to the model for IRAS 04262+2735, scaled to match the observed mid-infrared flux.
